Synchrotron small-angle X-ray scattering (SAXS) was conducted on native intramuscular shad/herring bone samples. Two-dimensional SAXS patterns were quantitatively analyzed with special consideration for preferred orientation effects, leading to new insights into the three-dimensional superstructure of mineralized collagen fibrils in shad/herring bone.
Introduction
The superstructure of bone has been extensively studied by electron microscopy, X-ray and neutron diffraction, etc. for many decades (for a review, see, e.g., Glimcher, 1998) . It is known that, despite large diversities in size, shape, and hierarchical structures, all mature bone is built from mineralized collagen fibrils. From a structural point of view, the mineralized fibril can be considered as a two-phase composite material, consisting of a pre-deposited organic scaffold impregnated with the mineral phase. The organic matrix is formed by a staggered arrangement of collagen molecules (Hodge & Petruska, 1963) , leaving gaps between subsequent molecules in the molecule axis direction which leads to a characteristic alternating gap/overlap band pattern in the fibril axis direction. The mineral phase is in the form of nanometre-scale apatite platelets (Robinson, 1952; Kim et al., 1995) . Transmission electron microscopy (TEM) studies on newly formed bone tissues showed that the mineral crystals are initially deposited into the gap regions of the organic matrix, with their crystallographic c axes (of the hexagonal apatite unit cell) preferentially oriented about the fibril axis (Jackson, 1957; Lee & Glimcher, 1991) .
The existing models for the collagen/mineral superstructure (see the review by Glimcher, 1998) , however, only address the axial relationship between mineral and collagen. The lateral arrangement of the mineral crystals in the collagen matrix remains unclear. Electron microscopic tomography and image reconstruction were used to visualize the mineral crystals and the organic matrix in threedimensional (3D) space (Landis et al., 1993) . However, the resolution (~4-6 nm) of this technique is limited and only lightly mineralized tissue can be studied. For heavily mineralized tissue sections, individual crystals are densely packed in the organic matrix and cannot be resolved by this technique. Small-angle X-ray scattering (SAXS) was used to investigate the lateral packing of the mineral phase in the organic scaffold by analyzing the near-equatorial diffuse scattering features in two-dimensional (2D) patterns from calcified tissue (Fratzl et al., 1993; Fratzl, 1994) . The model developed by those authors assumes that mineral crystals have irregular shape and are randomly distributed in the fibril cross section, which is inconsistent with the TEM observations (Kim et al., 1995; Lee & Glimcher, 1991) .
In the present work, the characteristic 'butterfly' pattern, originating from the apatite platelets and their lateral arrangement, was analyzed in terms of disordered lamellar stacks of platelet-shaped mineral crystals with intercalated organic layers consisting of a few collagen molecules, under the approximation of independent stacking statistics (Zernike & Prins, 1927) . With the stack normals preferentially oriented perpendicular to the fibril axis, preferred orientation effects were quantitatively taken into account (Ruland & Tompa, 1968; Burger et al., 2007a) . This analysis leads to thickness distributions for both the mineral platelets and the intercalated organic layers, the orientation distribution of the stacks, and an estimate for the average crystal size in the c-axis dimension. Furthermore, the equidistant meridional reflections originating from the periodicity of the density projection of the striated fibrils onto their axes due to the gap/overlap sequence were fitted simultaneously in 2D to the appropriate expressions, again by taking preferred orientation effects quantitatively into account (Burger et al., 2007a) . The 2D fitting approach of these non-trivial peak shapes, also taking a possible sample tilt into account (Fraser et al., 1976) , leads to more accurate and consistent values for the integrated intensities and for the long period. Additionally, it generates estimates for the lateral fibril size, longitudinal coherence lengths, and quantitative information about the orientation distribution function.
Experimental and data analysis
The samples used in this study were native intramuscular shad and herring bones. The system was chosen for its reduced structural hierarchy and simple fiber symmetry. The samples were prepared by paying special attention to preserve the native collagen/mineral superstructure as it was in the in vivo condition. SAXS experiments were carried out at the beamline X27C of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL). In order to obtain high-quality SAXS patterns for the delicate quantitative analysis, a three pinhole collimation system was used to reduce the beam divergence (Chu & Hsiao, 2001 ) and a vacuum sample chamber was introduced to lower the background scattering from air and Kapton windows. In order to ensure the absence of systematic errors introduced by the detection system, two different types of detector technology (imaging plates and charge-coupled device) with different counting and readout mechanisms were used to record the scattering pattern from the same sampling volume, showing an excellent agreement. Furthermore, it was found to be necessary to take the curvature of the Ewald sphere into account (as described by Fraser et al., 1976) , a correction that is normally neglected for SAXS (tangent plane approximation), but in the present case the overlap of the highest order meridional reflections with the Ewald sphere depend crucially on the latter's curvature and also on very small sample tilts which need to be taken into account as well. Other details about the sample preparation, instrumentation, image processing, and data analysis can be found in separate papers (Burger et al., 2007a,b) . Fig. 1 shows the hierarchical structures in the bone from human or other higher animals. The intramuscular shad/herring bones have a simplified hierarchy, in that they are directly built from collagen fibrils with their principal axes preferentially oriented about the primary bone axis. In other words, the entire intramuscular shad/ herring bone can essentially be treated as a single collagen fiber, i.e., a bundle of collagen fibrils. A typical SAXS pattern from herring bone is shown in Fig. 2 (left) . The meridional reflections were analyzed by the scheme described in Burger et al. (2007a) and the 'butterfly' pattern was analyzed by the scheme described in Burger et al. (2007b) . The calculated 2D pattern (Fig. 2, right) faithfully reproduced the features of the experimental pattern. The corresponding structural parameters extracted from the 2D fit are listed in Tables 1  and 2 . The integrated intensities were strong for the 1st, 3rd, 5th order and weak for the 2nd, 4th orders, indicating a near-symmetric squarewell density profile for the alternating gap/overlap arrangement along the fibril axis. The orientation distribution of the collagen fibrils with respect to the bone axis was found to be well described by the Onsager orientation distribution (Onsager, 1949) . Hermans' orientation parameter P 2 was used to characterize the degree of preferred orientation, assuming simple fiber symmetry. The average fibril diameter could be estimated from the reciprocal of the lateral integral width of the meridional reflections after orientation effects had been removed, leading to a value of 54 AE 2 nm for the present herring bone sample. A longitudinal coherence length could be estimated from a constant intercept after extrapolating the longitudinal integral widths of the meridional reflections to zero order. It should be noted that the coherence lengths of the collagen fibrils determined in this work were different from those determined by Fraser et al. (1983) . The former is related to the low-resolution features of molecular packing in the longitudinal direction, while the latter is related to the correlation of the gap/overlap sequence (Burger et al., 2007a) . Measured pattern (left) vsersus calculated pattern (right) for SAXS from mineralized collagen fibrils of intramuscular herring bone. The bone axis is in the vertical direction, corresponding to the meridian of the present fiber symmetry. The equator is perpendicular to the bone axis. The calculated intensity on the right pattern is a combination of two components: (1) the sharp meridional reflections originating from the periodic packing of collagen molecules and mineral crystals along the fibril axis (Burger et al., 2007a) ; and (2) the fan-shaped near-equatorial diffuse scattering originating from the lateral packing of mineral crystals in organic matrix (Burger et al., 2007b) . The fitting parameters for the calculated pattern are listed in Tables 1 and 2 . Table 2 Structural parameters obtained by fitting the measured 'butterfly' pattern (Fig. 2,  left) .
Results and discussion
Hermans' orientation parameter is for the Onsager distribution (Burger et al., 2007) , hTi is the average thickness of mineral crystals, T is the width of the thickness distribution of mineral crystals, hti is the average thickness of organic collagen layers, t is the width of the thickness distribution of organic layers, and H is average length of crystals in the caxis dimension.
2.05 (1) 0.05 (3) 5.47 (2) 3.09 (2) 51.2 (5) † This is the orientation distribution of the long axes of the mineral crystals with respect to the primary bone axis. Table 1 Structural parameters obtained by fitting the meridional reflections in the measured SAXS diffraction pattern (Fig. 2, left) .
Scaling is such that the 1st order is equal to 1000. The parameters used to describe the lateral packing of the mineral crystals in the collagen matrix are listed in Table 2 . The thickness of the mineral platelets is described by a Gaussian distribution and the thickness of the organic collagen layers between adjacent apatite platelets is described by a gamma distribution. It can be seen that the apatite platelets have a nearly uniform thickness (hTi~2.05 nm) with a narrow distribution ( T~0 .05 nm). On the other hand, the thickness of the organic layers have a broader distribution ( t~3 .09 nm) centered at hti~5.47 nm. Such information is essential for the understanding of the 3D collagen/mineral superstructure on which the mechanical, physiological and biological functions of bone depend.
